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For Snowmass: focus on particle-physics T T W —

e o . 1 . Cosmic neutrinos are unique probes of extreme environments surrounding the most energetic sources in the
Universe and a unique test beam for weak interactions at energies inaccessible through accelerators. Within
Opportunltlesl pO]‘nt Out Comp ementa‘rlt ’ the last decade, the discovery of high-energy (HE, TeV to 100 PeV) astrophysical neutrinos by IceCube [8]

has opened a new window to learn more about cosmic accelerators and neutrino interactions at the highest

energies. With next-generation experiments pushing sensitivity and energy reach, we anticipate that the
wealth of information will expand dramatically. Ultra-high-energy (UHE, >100 PeV) neutrinos, long-sought
but not yet detected, provide the only means of directly investigating processes that occur at energy scales of
EeV (= 10'® eV) and above in the distant Universe. Discovering them would open new regimes of exploration
in high-energy physics, astrophysics, and cosmology. In this white paper, we describe the significant physics

Complementarity highlighted in the i igh-onrgy piyske, soptysics, and comlog. In this it pape, o desib e dnifant iy

Observations of neutrinos from different sources, across different energies and traveled distances, have led

R to the fundamental-physics conclusions that neutrinos have mass and mix among flavors. These Nobel-prize
Stro eca a ur ‘/ e 5/ . winning experimental tests include measurements of neutrinos in the sub-GeV-to-10-PeV energy range from

cosmic-ray interactions in the atmosphere [9] and of neutrinos from the Sun [10-15]. Indeed, neutrinos ac
important questions in the complementary fields of high-energy physics and astrophysics. The wide range
of neutrino energies and traveled distances allow us to explore neutrino properties, their interactions, and

> Fundﬂmen tﬂl PhySiCS ZUith High_Energy Cosmic fundamental symmetries across a wide breadth of parameter space, as shown in Fig. 1. And because they

. are neutral and weakly interacting, they carry information about the physical conditions at their points of
Neu trlnos 1 903 04333 origin; at the highest energies, even from powerful cosmic accelerators at the edge of the observable Universe.

] e Recently, the discovery of a diffuse flux of HE astrophysical neutrinos, in the TeV-PeV range [8, 16]
opened a new view to the Universe. They have made possible the direct measurement of weak interactions
in a new energy regime, including the neutrino-nucleon cross section [17-19], inelasticity distribution [19],

» Astrophysics Uniquely Enabled by Observations of
High-Energy Cosmic Neutrinos, 1903.04334

] e
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High-energy neutrinos: TeV-PeV

(Discovered)

Ultra-high-energy neutrinos: > 100 PeV

(Predicted but undiscovered)
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They have the highest energies
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TeV-PeV v
High-energy

Current status:
Discovered (by IceCube, 2013)

Accumulating statistics

First tests of high-energy v physics

First promising source candidates

>100-PeV v
Ultra-high-energy




o IceCube HESE (7.5 yr)
@ IceCube vy, (10 yr)

Neutrino energy E, [GeV]
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TeV-PeV v
High-energy

Discovered (by IceCube, 2013)

Accumulating statistics

First tests of high-energy v physics

First promising source candidates

>100-PeV v
Ultra-high-energy

Predicted (1960s), but undiscovered
Upper limits on their flux
Flux predictions uncertain, improving

Aim for discovery in next-gen detectors




o IceCube HESE (7.5 yr)
@ IceCube vy, (10 yr)
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c What are the main physics goals for the next 10-20 years?
9 What theoretical developments do we need to realize these goals?

9 What experiments do we need to realize these goals?

e Take-home messages
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High-energy Ultra-high-energy

Explore with high statistics Discover

Measure high-energy SM predictions
Test BSM predictions

Astrophysics
Find the neutrino sources

Characterize the diffuse flux precisely




!

Two science thrusts

TeV-PeV v } Two energy regimes { >100-PeV v

High-energy Ultra-high-energy

Explore with high statistics Discover
Measure high-energy SM predictions Test physics at highest expected energies
Test BSM predictions
Astrophysics Astrophysics
Find the neutrino sources Find sources of UHE cosmic rays

Characterize the diffuse flux precisely




TeV-PeV v Potential also in > 100-PeV v

the multi-PeV

High-energy transition regime Ultra-high-energy
Explore with high statistics Discover
Measure high-energy SM predictions Test physics at highest expected energies
Test BSM predictions
Astrophysics Astrophysics
Find the neutrino sources Find sources of UHE cosmic rays

Characterize the diffuse flux precisely




Main high-energy
v observables

SN




Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list
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Standard expectation:

i Standard expectation:
Power-law energy spectrum g &g\km
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Standard expectation:
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Standard expectation:
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Standard expectation:

Standard expectation:
Power-law energy spectrum e‘:’“ :
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Standard expectation:
Power-law energy spectrum
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Standard expectation: Standard expectation:
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First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature 2021
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First observation of a Glashow resonance

Predicted in 1960:

hadrons
W
67%

V, [

6.3 Pe\>__v_\{_< Br = 33%
e I

IceCube, Nature 2021
Glashow, PR 1960

First reported by IceCube in 2021:




Measuring the high-energy neutrino-nucleon cross section
Center-of-mass energy /s [GeV]
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Physics in the flavor composition
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Neutrinos from heavy dark-matter annihilation
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Characterizing the TeV-PeV neutrino flux
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9 What theoretical developments do we need to realize these goals?




Make predictions & analyses more sophisticated

Particle physics Astrophysics
Explore larger model Abandon assumption that all

parameter spaces sources are identical

Fully account for More complete multi-

astrophysical uncertainties messenger models




e What experiments do we need to realize these goals?
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Multi km-scale in-ice & in-water

Cherenkov detectors

Status

Under design, prototype, deployment
(IceCube, IceCube-Gen2, KM3NeT, Baikal-GVD, P-ONE)

Challenges

Familiar tech; mainly logistical + funding

>100-PeV v
Ultra-high-energy




TeV-PeV v
High-energy

Multi km-scale in-ice & in-water

Cherenkov detectors

Status

Under design, prototype, deployment
(IceCube, IceCube-Gen2, KM3NeT, Baikal-GVD, P-ONE)

Challenges

Familiar tech; mainly logistical + funding

>100-PeV v
Ultra-high-energy

In-ice & in-water Cherenkov too

expensive; use more scalable techniques

Status
Multiple techniques under consideration

& In pathﬁnding stage (radio in-ice, in-air, from

ground, radar, imaging, fluorescence, particles on ground)

Challenges

New techniques, capabilities in flux
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e Take-home messages




The potential

The delivery

High-energy and ultra-high-energy neutrinos have vast
potential for particle physics (& astrophysics!)

These studies are being done already today, in spite of
limited statistics and astrophysical unknowns

Theory: need more nuance to achieve robustness—
» Particle physics: factor in astrophysical uncertainties
» Astrophysics: move beyond identical-source estimates

Experiment: need new detectors for statistics & discovery—
» Build bigger: more statistics in the TeV-PeV range

» Study the tail end of the PeV neutrino spectrum

» Build different: discover > 100 PeV neutrinos

» Ongoing work to study new detection techniques




Thanks!
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c IceCube HESE (7.5 yr) extrapolated
g IceCube vy, (10 yr) extrapolated
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o IceCube HESE (7.5 yr) extrapolated
Q IceCube vy, (10 yr) extrapolated
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger
g IceCube vy, (10 yr) extrapolated
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source
Q IceCube v, (10 yr) extrapolated e Rodrigues et al., all AGN benchmark cosmogenic
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source
Q IceCube vy, (10 yr) extrapolated e Rodrigues et al., all AGN benchmark cosmogenic @ Rodrigues et al., HL BL Lacs cosmogenic
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source () Fang & Murase, cosmic-ray reservoirs
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@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger @ Rodrigues et al., all AGN benchmark source () Fang & Murase, cosmic-ray reservoirs
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TeV-EeV v cross sections v self-interactions
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TeV-EeV v cross sections v self-interactions v scattering on Galactic DM
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Fundamental physics with high-energy cosmic neutrinos

» Numerous new v physics effects grow as ~x,, - E" - L

» So we can probe x, ~ 4 - 10 (E/PeV)" (L/Gpc)™* PeV'"

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing
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Fundamental physics with high-energy cosmic neutrinos

E.g,
n = -1: neutrino decay

» Numerous new v physics effects grow as ~x,, - E" - L } n = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

» So we can probe x, ~ 4 - 10 (E/PeV)" (L/Gpc)™* PeV'"

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing

In spite of
> poor energy, angular, flavor reconstruction
& astrophysical unknowns
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Making high-energy astrophysical neutrinos
(or p +p)
+m1', Br=2/3
p+ytaret_)A+_) p + — /
8 n+m, Br=1/3
o y+y
"o u t+tv,—ov,+te +v,+0,
n (escapes) —» p +¢e + v,

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 10




Astrophysical sources Earth
| Up to a few Gpc \

l
Eg,

Oscillations change the number
-------------------*
of v of each flavor, N., N,, N,
Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,5y fr,S) = (N e,Sy N 1,5y N T,S)/ N tot

Flavor ratios at Earth (o = ¢, p, 1):
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Oscillations change the number // T

of v of each flavor, N., N,, N,

Different production mechanisms yield different flavor ratios:
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: - . N ,
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GRAND & POEMMA

Both sensitive to extensive air showers If they see 100 events from v, with initial
induced by Earth-skimming UHE v, energy of 10’ GeV (pre-attenuation):
% Denton & Kini, PRD 2020
GRAND POEMMA' Oé:f;/f 100 T T T T T T T T
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Astrophysical sources Earth
| Up to a few Gpc |

E.g.,
Oscillations change the number // T

of v of each flavor, N., N, N,

Different production mechanisms yield different flavor ratios:
(fe,s, f 1Sy frs) = (N esy N 1,Sr N r,S)/ Not

: — + pmmmmmeoecccmee- ,
Flavor ratios at Eartm, 1): | Standard osciliations |
fao = Z Pry—va I35 i ot

new physics
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Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian
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Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source, Probability density of mixing
(fess fuss frs) parameters (0,,, 6,3, 013, dcp)
2020: Use y’ profiles from 20— ]
: i i 1.8F -
Fix at one of the benchmarks the 11\IuF1t 5.0 glo}lzal ,ﬁt Ll
(pion decay, muon-damped, neutron decay) (solar + atmospheric -
+ reactor + accelerator) 4 o
or Esteban et al., JHEP 2020 7]
www.nu-fit.org 5 10¢
Explore all possible combinations o8
0.6
Note: 0.4-_ NuFit 5.0
The original palatable regions were U ' ,
frequentist [MB, Beacom, Winter, PRL 2015]; 040 045 050 055  0.60 065

the new ones are Bayesian sin? 63



Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source, Probability density of mixing
(fess fuss frs) parameters (0,,, 6,3, 013, dcp)
2020: Use y’ profiles from 20— ]
1 1 1.8+ .
Fix at one of the benchmarks the 11\IuF1t 5.0 glo}lzal ,ﬁt ol
(pion decay, muon-damped, neutron decay) (solar + atmospheric -
+ reactor + accelerator) ki
Esteban et al., JHEP 2020 L2r
or www.nu-fit.org % 1.0 °
Explore all possible combinations Post-2020: Build our own = %%
profiles using simulations
Note: of JUNO, DUNE, Hyper-K ™% UNE
The original palatable regions were Ancetal., J. Phys. G 2016 02r ]
frequentist [MB, Beacom, Winter, PRL 2015]; DUNE, 2002.03005 040 04 050 0B 060 065

the new ones are Bayesian Huber, Lindner, Winter, Nucl. Phys. B 2002 s
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Full m decay chain
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Note: v and v are (so far) indistinguishable

in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full 11 decay chain
(1/3:2/3:0)s

/ / /
00 01 02 03 04 05 06 Note: v and v are (so far) indistinguishable

Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full 11 decay chain

(1/3:2/3:0)s
/ / /
03 04 05 06 O . : : Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full 11 decay chain

(1/3:2/3:0)s
Muon damped
(0:1:0)s
/ /
03 04 05 06 O ] . : Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
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Theoretically palatable regions: today (2020)
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Theoretically palatable regions: 2020 vs. 2040

Standard oscillations, NO 0.0
All regions 99.7% C.R.
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UHE neutrinos: steady-state sources
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